The plant respiratory chain contains several energy-dissipating enzymes, these being type II NAD(P)H dehydrogenases and the alternative oxidase, not present in mammals. The physiological functions of type II NAD(P)H dehydrogenases are largely unclear and little is known about their responses to stress. In this investigation, potato plants (Solanum tuberosum L., cv. Desiree) were sprayed with antimycin A, an inhibitor of the cytochrome pathway. Enzyme capacities of NAD(P)H dehydrogenases (EC 1.6.5.3) and the alternative oxidase were then analysed in isolated leaf mitochondria.
Background
In contrast to mammals, the respiratory chain in plant mitochondria contains alternative, energy-dissipating pathways for the transfer of electrons from NAD(P)H to ubiquinone. In addition to the rotenone-sensitive and proton-pumping NADH dehydrogenase, complex I (EC 1.6.5.3), the plant respiratory chain contains at least four different rotenone-insensitive, non-proton-pumping NAD(P)H dehydrogenases [1, 2] . In potato tuber mitochondria, NADH and NADPH can be oxidised by two separate Ca 2+ -dependent external dehydrogenases on the outer surface of the inner membrane, one specific for NADH, and one relatively specific for NADPH [3] . Similarly, at the internal side of the inner membrane, separate rotenone-insensitive dehydrogenases oxidise matrix NADH and NAD(P)H [4] [5] [6] . Plants can further make use of a non-proton-pumping alternative oxidase (AOX) (reviewed in [7, 8] ). This enzyme bypasses the protonpumping cytochrome pathway, consisting of the antimycin A-sensitive bc 1 complex (EC 1.10.2.2) and the cytochrome c oxidase (EC 1.9.3.1).
Two homologues of non-proton-pumping NADH dehydrogenases in yeast and E. coli, nda1 and ndb1, have been characterised in potato. The gene products, NDA1 and NDB1, are directed to the inner and the outer surface of the inner membrane, respectively [9] . Gene expression studies on respiratory chain proteins revealed that expression of nda1 is elevated during leaf development, is completely light-dependent and displays a diurnal rhythm in mature potato leaves, suggesting a role of NDA1 in photorespiration [10] . Recently, a specific down-regulation of NDA1 transcript and protein, as well as internal rotenoneinsensitive NADH oxidation, was observed after cold stress [11] .
Regarding cold effects on gene expression, the AOX has been studied more extensively than the rotenone-insensitive NAD(P)H dehydrogenases. However, diverse responses of the AOX have been reported for cold treatment. Tobacco cells and mung bean hypocotyls show an up-regulation of AOX protein and/or capacity during growth at low temperature [12, 13] , whereas AOX protein amounts are not affected in soybean cotyledons or potato leaves [11, 13] .
Several reports describe an induction of the alternative pathway by treatment with antimycin A, an inhibitor of the bc 1 complex. AOX protein, as well as enzymatic capacity, increase in tobacco and petunia cells following antimycin A treatment [14, 15] . Antimycin A treatment also causes an up-regulation of transcript levels of an aox gene in tobacco cell suspensions and in Arabidopsis thaliana leaves [16, 17] . Conversely, Arabidopsis cells treated with a high concentration of antimycin A show only a slight increase in AOX protein. Instead, the degradation or decrease in proteins of the citric acid cycle, two subunits of complex I and one subunit of the ATP synthase complex is observed [18] . Other reported effects of antimycin A are a decrease in ATP in tobacco suspension cells and pea protoplasts, as well as decreased photosynthetic oxygen evolution in the latter case [14, 19] .
In vitro inhibition of the Hansenula anomala and rat heart bc 1 complex by antimycin A leads to elevated amounts of reactive oxygen species (ROS) in a semiquinone-dependent process [20, 21] . Consistent observations have been made in plants [2, 22] . It has been suggested that an inhibitor-induced over-reduction of the electron transport chain increases the formation of ROS, and that this effect can be diminished by the AOX [23, 24] . Over-expression of the AOX results in lower amounts of ROS in transgenic tobacco cell suspensions as compared to wild-type cells after addition of antimycin A [25] . Up-regulation of the AOX may therefore compensate for a decreased ubiquinol oxidation capacity of the inhibited cytochrome pathway. This could stabilise the reduction level of the ubiquinone pool and may prevent an increase in the formation of ROS [23, 24, 26] .
As yet, no similar experiments have been carried out to investigate how the rotenone-insensitive NAD(P)H dehydrogenases respond to antimycin A treatment. Here we report a specific decrease in internal rotenone-insensitive NADH oxidation capacity in antimycin A-treated potato leaves and discuss possible consequences for the redox state of the respiratory chain.
Results

Internal rotenone-insensitive NADH oxidation capacity is lower in mitochondria from antimycin A-treated leaves
Potato plants were sprayed with different concentrations of antimycin A or with solvent as control. The treatments were not lethal to the plants, but necrotic lesions were visible on the antimycin A-sprayed leaves 10 days after spraying. Lesions were more abundant at the higher antimycin A concentrations (data not shown). Twenty-four hours after spraying, mitochondria were isolated from the leaves. NAD(P)H and succinate oxidation was measured on intact mitochondria, and internal NADH oxidation after osmotic rupture to permeabilise the inner membrane. Internal rotenone-insensitive NADH oxidation was found to be substantially lower in mitochondria isolated from antimycin A-treated leaves as compared to control leaves, this activity being affected more by the inhibitor treatment than the oxidation of succinate and external NAD(P)H ( Fig. 1) . A lower rate of internal rotenoneinsensitive NADH oxidation is observed already after treatment with 3 µM antimycin A, and after 30 µM, the activity is about 38% of the control rate. The decrease in rotenone-insensitive NADH oxidation at 3 µM antimycin A, as compared to solvent control, is statistically significant at P < 0.05.
Ubiquinol oxidation is restricted by leaf treatment with high antimycin A
The activity of external NADH and NADPH oxidation was substantially higher than the internal rotenone-insensi-tive NADH oxidation ( Fig. 1 ). Treatment of leaves with 10 and 30 µM antimycin A led in both cases to a decreased rate in the isolated mitochondria. However, external NAD(P)H oxidation activity remained unchanged at 3 µM antimycin A as compared to the control. Similar results were observed with succinate as substrate ( Fig. 1 ).
Since all other enzymes potentially capable of catalysing NAD(P)H oxidation to short chained quinone analogues, (e.g. complex I and dihydrolipoamide dehydrogenase), are located inside the inner membrane permeability barrier, external NADPH dehydrogenase can be measured directly using decyl-ubiquinone (DcQ) as acceptor. This activity is also independent of the capacity of enzymes further downstream in the electron transport chain. Fig. 2 shows that NADPH oxidation to DcQ in isolated mitochondria was mainly unaffected by leaf treatment with antimycin A. Activities varied somewhat between experiments but the normalised averages allow the conclusion that no decrease in external NADPH dehydrogenase capacity occurred as a result of antimycin A leaf treatment. The activity of cytochrome c oxidase, located downstream of the bc 1 complex, was similar in mitochondria from control and antimycin A-treated leaves (data not shown).
The results show that in mitochondria from in vivo antimycin A treated leaves, the external NAD(P)H oxidation activities are limited by another component downstream of the dehydrogenases. However, internal rotenone-insensitive NADH oxidation, as measured in osmotically disrupted mitochondria, was apparently not limited in this way. The total internal NADH oxidation, measured before the addition of rotenone, was 1.5-1.7 times higher than the rotenone-insensitive component ( Fig. 1B) , showing that sufficient quinol oxidation capacity was present to make the rotenone-insensitive rate mainly dependent on the dehydrogenase capacity. Although the external NAD(P)H oxidation activity was higher and thus more likely to be affected by a downstream inhibition, these activities were affected to a lesser degree than the internal rotenone-insensitive NADH oxidation after leaf treatment with 3 and 10 µM antimycin A. It can thus be concluded that the lower rate of internal rotenone-insensitive NADH oxidation in mitochondria from leaves treated with 3 and 10 µM antimycin A is due to a lower dehydrogenase capacity, whereas the decrease in external NAD(P)H oxidation after treatment with 10 and 30 µM is a consequence of restricted ubiquinol oxidation.
AOX capacity is not induced by antimycin A treatment in potato leaves
To determine the capacity of the AOX, the cytochrome pathway activity was completely inhibited by adding antimycin A to the reaction medium. Fig. 3 summarises the rates after antimycin A addition with succinate and external NAD(P)H as substrates. No difference in AOX capacity is seen between mitochondria from antimycin Atreated leaves and control leaves. With the 30 µM antimycin A treatment, the rates were completely insensitive to in vitro addition of antimycin A (data not shown), indicating a high degree of in vivo bc 1 complex inhibition at this concentration.
Oxidation of NAD(P)H and succinate in leaf mitochondria purified from control and antimycin A-sprayed potato plants
Gene expression of nda-type genes after antimycin A treatment
The isolated leaf mitochondria were analysed by western blotting to investigate if antimycin A leaf treatment had
External NADPH oxidation with DcQ as electron acceptor any effects on the protein abundance of respiratory chain enzymes. The antisera against NDA1 and NDB1 specifically recognised proteins of 48 kDa and 61 kDa, respectively, as previously seen for isolated potato leaf mitochondria [27] . However, the immunosignals for NDA, NDB, as well as the NAD9 and 76 kDa subunits of complex I showed no significant changes between the treatments and the control (Fig. 4 ). In two experiments, AOX was seen to increase slightly after leaf treatment with 3 and 10 µM antimycin A. The blot with the clearest increase is shown in Fig. 4 . In a third experiment, this increase could not be seen. These results suggest that the AOX protein may be slightly increased by treatment of potato leaves with antimycin A.
Since antibodies may vary in detecting different isoenzymes, gene expression of nda1 was additionally analysed at transcript level using a real-time PCR system. Plants were sprayed 1 h before light onset (03:00 h) and leaf transcript levels for nda1 were quantified at the time of treatment (03:00 h), after 4 h (07:00 h) and 8 h (11:00 h). Antimycin A treatment affected neither the level of nda1 transcripts nor its diurnal change in expression during this part of the day (Fig. 5A ). The transcript for the 28.5 kDa subunit of complex I was similar in all isolates (Fig. 5C ).
In a separate experiment, total RNA was isolated from the same leaf material that was used for mitochondrial purification. No appreciable changes were seen in nda1
Alternative pathway activity To investigate whether other NDA-type proteins are present in potato, expressed sequence tag (EST) databases were searched. The potato NDA1 full-length protein sequence was used to query the TIGR and GenBank potato EST databases. The only highly significantly scoring entry was the EST contig TC54504 with a length of 1547 bp. This contig consists of 6 overlapping ESTs, three of which cover a region showing a high deduced amino acid sequence similarity to NDA1. The downstream part, made up by a single EST 156H09 (BI406197) appears to contain unspliced intron sequences as seen by comparison to the database intron annotations for the nda-type genes identified in Arabidopsis thaliana [28] . These were excluded from comparisons. In pair-wise sequence alignments, a 222 residues long translation of TC54504 shows 72% identity to the protein sequence of potato NDA1. On comparison to the potato NDB1, only 43% amino acid sequence identity is seen in a 216 residue overlap, indicating that TC54504 derives from an nda-type gene. The deduced protein sequence of TC54504 contains two highly conserved nucleotide-binding motifs, similar to other plant homologues [9] .
In order to see if antimycin A leaf treatment has any effect on TC54504 mRNA, real-time PCR was carried out as for NDA1. Leaf transcript levels for TC54504 ( Fig. 5B ) revealed no change in mRNA abundance between treatment and control. In addition, no time-dependent change in expression of TC54504 was observed.
Discussion
Inhibition of the bc 1 complex by antimycin A treatment of potato leaves resulted in a substantially decreased capacity for internal rotenone-insensitive NADH oxidation in isolated mitochondria as compared to mitochondria from control leaves (Fig. 1) . A significant decrease specific to internal rotenone-insensitive NADH oxidation was seen already after leaf treatment with 3 µM antimycin A. The oxidation of external NAD(P)H and succinate was decreased only at higher concentrations of antimycin A (Fig. 1) , most probably as a result of inhibitor-induced rate limitations of the cytochrome pathway further downstream in the electron transport chain. However, it is possible that other unspecific damage to the electron transport enzymes may occur at the highest antimycin A concentration used.
For antimycin A treatment to have affected the respiratory chain enzyme capacities in vivo, an inhibition of the bc 1 complex should have occurred. The inhibition of the bc 1complex observed in isolated mitochondria after leaf treatment with 10 µM antimycin A was 45-50%, using external NAD(P)H as substrate ( Fig. 1) . Thus, some inhibition should be expected also after treatment with 3 µM antimycin A, but was not observed. However, substrate oxidation measurements may underestimate the quinol oxidation capacity in the control mitochondria, consequently underestimating the inhibitory effect of the leaf treatment. Alternatively, antimycin A may have been lost from the mitochondria during isolation, especially since the isolation media contains high concentrations of bovine serum albumin which efficiently binds hydrophobic molecules. It has also been suggested that antimycin A is degraded in cells [14] . Thus, a transient, partial bc 1 complex inhibition may have taken place in vivo also after leaf treatment with 3 µM antimycin A, inducing the decrease in internal rotenone-insensitive NADH dehydrogenase capacity (Fig. 1 ). The lower in vitro internal NADH dehydrogenase capacity should reflect a lower in vivo enzyme capacity, which may restrict the uptake of electrons into the respiratory chain.
Transcript quantification by real-time PCR in control and antimycin A-treated potato leaves
AOX capacity is not up-regulated following in vivo antimycin A leaf treatment in potato, and the AOX protein amount is unchanged or slightly increased ( Figs. 3 and 4 ). This is in contrast to findings on other species, where AOX protein amount and capacity are induced, e.g. tobacco and petunia cell suspensions [14, 15] . In Arabidopsis plants, leaves sprayed with 10 µM antimycin A specifically increased aox1a transcript abundance, but other aox genes were unaffected [17] . However, antimycin A treatment of Arabidopsis cells only slightly induced AOX protein, possibly because high amounts of the protein are already present in the controls [18] . Also in the present study, the AOX protein concentration could have been sufficiently high to compensate for an in vivo restriction of the cytochrome pathway. Alternatively, regulation of AOX expression could be different in potato than in other investigated species. There are variations between species regarding the effects of temperature decrease on AOX expression. Low growth temperature results in a higher AOX protein level and enzyme capacity in tobacco suspension cells [12] but no effect is seen in soybean [13] or in potato leaves [11] , where AOX protein and capacity remain unaffected by cold treatment.
Taken together, a transient or persistent restriction in capacity of the bc 1 complex and an unchanged AOX capacity caused by the antimycin A treatment, may have resulted in a higher in vivo reduction state of the ubiquinone pool. One secondary effect deriving from an overreduction could be an elevated production of ROS from the electron transport chain [2, 26] . Purvis and Shewfelt [23] hypothesised that the AOX prevents formation of ROS, should the electron flow from the NAD(P)H dehydrogenases exceed the capacity of the cytochrome pathway. The results from our study suggest that a specific decrease in internal rotenone-insensitive NADH oxidation capacity may prevent over-reduction, and possibly ROS generation, instead by decreasing ubiquinol formation in a situation where the ubiquinol oxidation is restricted. Consistent with this, the internal rotenoneinsensitive NADH oxidation capacity was decreased under cold treatment [11] , a stress that as one of its consequences leads to ROS formation [29] . In Arabidopsis cells, oxidative stress and antimycin A treatment resulted in a lower protein abundance of the 76 and 24 kDa subunits of complex I which may restrict ubiquinone reduction via rotenone-sensitive NADH oxidation [18] . However, in potato, the protein levels of the 76 kDa and NAD9 complex I subunits were unaffected by antimycin A leaf spray (Fig. 4) , indicating that complex I capacity is not decreased by this treatment.
Apart from ROS production, other secondary effects of antimycin A have been reported. Lower levels of ATP are seen in tobacco suspension cells [14] and in pea mesophyll protoplasts, which additionally show a lower photosynthetic oxygen evolution due to impaired mitochondrial electron transport after antimycin A application [19] . These effects were observed after treatment of cells and protoplasts with lower concentrations of antimycin A than in the present study. Therefore, similar consequences for the ATP level, which would also cause metabolic changes, cannot be excluded in the present investigation. It is also known that antimycin A can inhibit cyclic electron transport around photosystem I in the chloroplast [30] . A direct effect on cyclic electron transport, resulting in a lower ATP generation in chloroplasts, is seen after application of 5 µM antimycin A on leaf discs with stripped off lower epidermis [31] . Another study shows that photosynthetic electron transport is not affected by 1 µM antimycin A applied to protoplasts [19] . In both studies, a much more efficient inhibitor uptake must be expected as compared to the treatment of intact leaves. In the present investigation, an effect on internal rotenoneinsensitive NADH oxidation was seen already at 3 µM antimycin A applied to leaves with intact epidermis (Fig.  1) . Thus, a direct inhibition of electron transport in the chloroplast is unlikely at this antimycin A concentration.
The lower capacity of internal rotenone-insensitive NADH oxidation (Fig. 1 ) correlated neither with nda1 transcript levels (Fig. 5A ) nor with the amount of immunodetected NDA protein (Fig. 4) , both of which were unaffected by the treatment. A possible explanation could be that the internal NADH oxidation is regulated directly at the enzyme level or that additional, as yet undiscovered, genes for rotenone-insensitive NADH dehydrogenases are present in potato. Previous suggestions that NDA1 is an internal NADH dehydrogenase are based on protein localisation, bioinformatics and correlation of gene expression and activity [9] [10] [11] 32] . Additionally, two closely related NDA-type mitochondrial proteins are present in Arabidopsis [33] , and import and mutant experiments have strongly suggested the NDA1/NDI1 to be an internal NADH dehydrogenase [34] .
In the present study, a potato EST-contig (TC54504) potentially derived from a second nda-type gene was found by database searching. Previous investigations have indicated that there may be at least one additional NDA isoenzyme present in potato, based on correlation between protein and activity levels during inductions [10] , and differences in molecular mass between immunorecognised NDA protein in different organs [27] .
Recently, At-nda1 and At-nda2, two genes closely related to potato nda1, were found in Arabidopsis thaliana [28] . At-nda1 shows light-dependence, in contrast to At-nda2. In our study, transcript abundance of the potato gene corresponding to TC54504 is not affected by antimycin A treatment ( Fig. 5B) . Also, whereas the amount of nda1 transcript varies over the day, as previously reported [10] , TC54504 transcript abundance is stable over the time investigated. Further experiments are needed to determine if TC54504 derives from a light-independent nda gene.
Conclusions
This investigation shows that in vivo antimycin A treatment of potato leaves specifically lowers the capacity for respiratory internal rotenone-insensitive NADH oxidation ( Fig. 1) . Recently, down-regulation of internal rotenone-insensitive NADH oxidation and nda1 expression was reported for cold-stressed potato leaves [11] . The absence of nda1 suppression in the present investigation suggests different ways of controlling rotenone-insensitive NADH oxidation in these two studies. Rotenone-insensitive internal NADH oxidation and/or nda1 gene expression has previously been shown to vary in response to leaf development, time of day, light and cold treatment [10, 11] .
Considering the wide variety of signals affecting AOX expression in plants [8] , it is likely that several yet undiscovered external cues influence NAD(P)H dehydrogenases in plant mitochondria.
Neither cold stress [11] nor antimycin A treatment (Figs. 3 and 4) appears to substantially affect the capacity of the AOX in potato, indicating differences in respiratory chain regulation between potato and other investigated plants.
The present study underlines that more attention should be given to the interplay between the AOX and the rotenone-insensitive NAD(P)H dehydrogenases in response to stress. In order to prevent root uptake, the soil was covered with aluminium foil during spraying. For isolation of mitochondria, 40 g of leaf material was sampled 24 h after spraying and leaves were extensively washed for at least 5 min at 4°C in 5 L distilled water with slow agitation to remove any externally persisting detergent or inhibitor. Mitochondria were purified from leaves principally according to [35] , frozen in liquid N 2 in the presence of 5% dimethyl sulfoxide, and stored at -80°C. Protein concentration was determined with the bicinchoninic acid method (Sigma) using bovine serum albumin as a standard.
Methods
Plant material, plant treatment and isolation of mitochondria
Enzymatic activities
Oxidation of NAD(P)H was measured at 340 nm using an Aminco DW 2 dual wavelength spectrophotometer, essentially as in [10] . The Malate dehydrogenase (EC 1.1.1.37) activity and mitochondrial latency were determined as in [38] . Cytochrome c oxidase activity was measured as in [39] .
Statistical analysis of the enzyme activity data was done by one-way analysis of variance at P > 0.05, using the SPSS Win 8.0.0 software package (SPSS Inc., Chicago, Ill.).
Western analysis
The same mitochondrial preparations used for activity measurements were resolved by SDS-PAGE according to [40] , and western blotted as in [41] . Antisera raised against NDA1 and NDB1 are described in [10, 27] . The 76 kDa subunit of complex I was detected by antibodies against the 78 kDa subunit of Neurospora crassa [42] as described in [1] . The NAD9 subunit of complex I was recognised by antibodies against the wheat homologue [43] and the AOX by monoclonal antibodies against the maize protein [44] . Antisera were used as 1:1000 dilutions. Antibody detection was visualised by the ECL system (Amersham Life Science Ltd, Little Chalfont, Bucks, UK).
Database screening and transcript analyses
The screening for additional NDA-type genes was done by the tblastn algorithm [45] using the potato NDA1 protein sequence as probe against the TIGR Unique Gene Indices database [46] and the EST-subset at National Centre of Biotechnology Information [47] . Pair-wise sequence alignments were done in SIM [48] at [49] .
RNA preparation, cDNA synthesis and real-time PCR amplification was carried out as in [11] . For TC54504, real-time PCR was carried out for 45 cycles, each consist-ing of 20 s at 95°C, 30 s at 60°C, 45 s at 72°C and 20 s at 84°C (data acquisition). A specific primer pair was designed against the sequence of two overlapping ESTs, EST536929 and 156H09, of contig TC54504, avoiding regions of sequence variations: 5'-TGC TGA ACC AGT TAC CCA GA-3'; 5'-TCT TCC GAA ATG CCT GGA G-3'. The correct identity of the amplification product was verified by restriction cleavage. A control without reverse transcription was performed to certify that contamination by genomic DNA did not perturb the quantification of cDNA templates.
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